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CHANGES I N  INDICES OF EXTERNAL RESPIRATION, GAS EXCHANGE AND ENERGY 1* 
EXPENDITURES I N  WEIGHTLESSNESS 

1.1. Kas'yan, G.F. Makarov, B.V. Blinov 

Prolonged space  f l i g h t s  are r e l a t e d  t o  exposure of the human organ- 
i s m  t o  an e n t i r e  set of adverse  f a c t o r s ,  inc luding  weight lessness .  
numerous s t u d i e s  of t h e  l a s t  few years i n d i c a t e  the p o s s i b l e  appearance 
of s u b s t a n t i a l  changes i n  va r ious  systems of t h e  organism under condi t ions  
of weight lessness  11, 2 ,  3 ,  4 ,  5 ,  6 ,  7 ,  8 ,  91. 

The 

The changes i n  func t ion  of d i f f e r e n t  systems caused by t h e  unaccus- 
tomed weight lessness  may e l i c i t  s p e c i f i c  changes i n  metabolism and thermal  
ba lance  of the organism which as a whole w i l l  a f f e c t  the cosmonaut's 
e f f i c i e n c y  . 

The s tudy  of t h e  in f luence  of weight lessness  on t h e  organism, 
problems of adapta t ion  and compensation are i n t i m a t e l y  r e l a t e d  t o  t h e  
s tudy  of gas exchange as an i n t e g r a t i v e  index of t h e  f u n c t i o n a l  s ta te  of 
the organism. T t  i s  known that gas exchange r e f l e c t s  as a whole t h e  
dynamics of changes occurr ing  i n  i t .  
cond i t ions  wi th  respec t  t o  gas environment both  i n  t h e  cabins  of f l y i n g  
machines where man w i l l  perhaps be  p a r t  of a closed eco log ica l  system of 
c i r c u l a t i o n  of substances [l, 113 and i n  space  s u i t s  when t h e  cosmonaut 
works i n  open space,  r equ i r e s  knowledge of t h e  mean and optimum values  
of oxygen consumption and carbon dioxjde 

The problem of c r e a t i n g  optimum 

exc re t ion .  

The s tudy  of gas exchange i s  important t o  s o l v e  a number of theo- 
re t ica l ,  p r a c t i c a l  and prognos t ic  problems i n  cosmonautics. 

A t  t h e  present  t i m e  t h e r e  are no t  enough s c i e n t i f i c d l y  s u b s t a n t i a t e d  
d a t a  i n  t h e  l i t e r a t u r e  on t h e  b a s i s  of which it would be  p o s s i b l e  t o  
determine metabol ic  expendi tures  i n  weight lessness .  

I n  t h e  opinion of some researchers  [12,  13, 141 performance of 
working opera t ions  i n  weight lessness  is r e l a t e d  t o  excess ive  energy 
expendi tures  e l i c i t e d  by t h e  new condi t ions.  Ch. Berry (1966) [14] 
r epor t ed  t h a t  t h e  mean energy expendi tures  o f t h e  a s t r o n a u t s  i n  t h e  
Gemini 9 and 10 f l i g h t s  c o n s t i t u t e d  91.7-94.4 large c a l o r i e s  p e r  hour.  
He stresses t h a t  i n  t h e  opinion of most American a s t ronau t s  (Gemini 4 ,  9 ,  
10 ,  11) i t  i s  four  t i m e s  more d i f f i c u l t  t o  perform work i n  o u t e r  space 
than  i n  a pressur ized  s u i t  on Earth.  

According t o  t h e  t h e o r e t i c a l  estimates of o t h e r  au thors  [8, 16 ,  151 
t h e  metabol ic  changes w i l l  be  wi th in  phys io log ica l  range i n  weight less -  
nes s  l a s t i n g  from a few minutes t o  a few hours .  

*Numbers in the margin indicate pagiriation i n  the original forei@;n text.  

2 

- 1 -  
\ 



NASA TT-11 , 406 

A.M. Genyan et a1 (1965) 1173, on the b a s i s  of a n a l y s i s  of the 
r e s u l t s  of p o s t f l i g h t  process ing  of regenera t ion  subs t ances  and dynamics 
~f changes i n  concen t r a t ions  of oxygen, carbon d i o x i d e  and qQ i n  the a i r  
of s p a c e c r a f t  cab ins ,  concluded that space f l i g h t  condi t ions  do not  have 
an apprec i ab le  i n f l u e n c e  on b a n  e n e r g e t i c  expendi tures .  
tQ theZr d a t a ,  t h e  mean expend i tu re  of energy pe r  hour during such  
flights constLtnted:  85.8 l a r g e  c a l o r i e s  f o r  A.G. Nikolayev, 97.2 f o r  P. 
R,  Popovich, 83.5 f o r  V.V. Tereshkova, and 84.6 l a r g e  c a l o r i e s  p e r  hours 
f o r  B.F. Bykovskiy, I n  their opinion a drop of b a s a l  metabol ic  i nd ices  
w i l l  b e  ohserved w i t h  prolonged space f l i g h t s .  

According 

3 

In t h e  p re sen t  a r t i c l e  are submitted d a t a  (1963-1966) on t h e  func- 
t i o n a l  s t a t e  of e x t e r n a l  r e s p i r a t i o n ,  gas metabolism and e n e r g e t i c  expen- 
d i t u r e s  of man during b r i e f  weight lessness  s imulated by pa rabo l i c  f l i g h t  
i n  a laboratory-airplane.  

The fol lowing w e r e  recorded on t h e  s u b j e c t s  during f l i g h t :  r e sp i r a -  
t i o n  rate, v i t a l  capac i ty  of t h e  lungs,  pulmonary v e n t i l a t i o n  and samples 
of exhaled a i r  were c o l l e c t e d .  The tests were made by t h e  convertional 
Douglas-Holden method as w e l l  as wi th  t h e  use  of s m a l l  spiroanemometers, 
Reseda-2 and 3 which have an attachment f o r  c o l l e c t i n g  exhaled a i r  which 
is then  analyzed on a Holden machine. Volumetric conversions from t h e  
gas exchange were performed under STPD cond i t ions ,  and those  from e x t e r n a l  
r e s p i r a t i o n  -- BTPS. 

I n  t h e  t h r e e  series of experiments a t o t a l  of 58 f l i g h t s  w e r e  made 
wi th  t h e  p a r t i c i p a t i o n  of 55 sub jec t s  ranging i n  age from 22 t o  46 years .  

I n  t h e  f i r s t  series of experiments (7 f l i g h t s )  t h e  s u b j e c t s  
remained i n  a c h a i r  throughout t h e  f l i g h t .  A s  demonstrated by t h e  re- 
s u l t s ,  dur ing  t h e  per iod  of b r i e f  weight lessness  a l l  of t h e  s u b j e c t s  pre- 
s en ted  t h e  h ighes t  l e v e l  of gas metabolism as compared t o  i n i t i a l  l e v e l s .  
It  w a s  a l s o  above t h e  l e v e l  obtained during f l i g h t  w i th  exposure t o  
a c c e l e r a t i o n s .  
dur ing  pa rabo l i c  f l i g h t  are given i n  Table 1. 

The d a t a  on gas metabolism and e n e r g e t i c  expendi tures  

A s  shown i n  t h e  t a b l e ,  minute oxygen consumption increased  during 5 
weight lessness  as compared t o  the  i n i t i a l  level ,  by 75-215 m l  [ m i l l i l i t e r s ] ;  
e n e r g e t i c  expendi tures  increased  accordingly by 0.36-1.0 l a r g e  c a l o r i e s  
pe r  minute;  
h ighe r  i n  s i x  experiments and 0 .3  l i t e r s / m i n u t e  h ighe r  i n  one,  as compared 
t o  t h e  i n i t i a l  da ta .  

minute volume of r e s p i r a t i o n  w a s  0.4-4.2 l i t e r s / m i n u t e  

I n  t h e  second series of experiments conducted us ing  t h e  Reseda-2 
spiroanemometer, 36 f l i g h t s  were made,  2 1  of which involved c o l l e c t i o n  
of i nha led  a i r  samples. I n  these experiments,  a long wi th  s tudy  of ex- 
t e r n a l  r e s p i r a t i o n ,  gas metabolism and e n e r g e t i c  expendi tures  wi th  t h e  
s u b j e c t s  a t  re la t ive rest (nine f l i g h t s ) ,  t h e r e  w e r e  seven f l i g h t s  w i th  
a measured phys ica l  load and f i v e  with performance of purposeful  working 
ope ra t ions  ( the  work corresponded t o  100.8 kilogrammeters).  
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Tahle 2 submi ts  the i n d i z e s  ox gas metabolism of the s u b j e c t s  
i n  a s t a t e  of re.lati.ve rest beatedl during b r i e f  weight lessness ,  and 
during the h o r i z o n t a l  segment of f l i g k t  (background d a t a l .  

A s  shown i n  Table  2 ,  i n  a l l  of the experiments of the second series 
as i n  the f irst ,  i n  weight lessness  there were h ighe r  i n d i c e s  of gas ex- 
change than  during h o r i z o n t a l  f l i g h t .  Thus, minute oxygen consumption 
i n  weight lessness  was 32-238 ml higher  than the i n i t i a l  da t a ,  
energy consumption w a s  0.16-1.08 large c a l o r i e s  pe r  minute g r e a t e r .  

w h i l e  

S t a t i s t i c a l  a n a l y s i s  of t he  da t a  obta ined  from 24 f l i g h t s  (Table 31 
revea led  t h a t  pulmonary v e n t i a l t i o n  i n  b r i e f  weight lessness  was h igher  
than dur ing  h o r i z o n t a l  f l i g h t  by 4.6 l i t e rs  p e r  minute,  r e s p i r a t i o n  ra te  
increased  by 2 .1  cyc les  p e r  minute;  v i t a l  capac i ty  of t h e  lungs increased  
by 400 m l ;  It w a s  a l s o  observed that t h e r e  w a s  a change i n  the r e s p i r a t o r y  
cyc le  i n  weight lessness .  

A s tudy  of gas metabolism i n  t h e  s u b j e c t s  wh i l e  performing phys ica l  
e x e r t i o n  (Figure 1) 
dur ing  h o r i z o n t a l  f l i g h t ,  i n  weight lessness  work e l i c i t e d  more marked 
changes i n  ind ices  of e x t e r n a l  r e s p i r a t i o n ,  gas exchange and accordingly 
g r e a t e r  energy consumption. While pulmonary v e n t i l a t i o n  increased  by an 
average of 4.6 l i ters p e r  minute i n  weight lessnesS(I) ,  when 
measured amount of phys i ca l  work (11) i t  increased  by 1 1 . 7  l i ters p e r  
minute,  and when performing purposeful  working ope ra t ions  -- by 16.8 
l i ters p e r  minute (111). Oxygen consumption i n  weight lessness  increased  
as fo l lows:  by 134 ml/minute a t  r e l a t i v e  rest, by 185 ml/min when per- 
forming measured phys ica l  work, and by 291 ml/min when performing work- 
i n g  ope ra t ions .  There was more energy expended i n  weight lessness  than  
dur ing  t h e  h o r i z o n t a l  segment of f l i g h t :  by a mean of 39 ca lo res  p e r  
hour a t  res t ,  by 55 c a l o r e s  p e r  hour wi th  measured phys ica l  work, and 
by 83.4 c a l o r i e s  pe r  hour wi th  performance of working ope ra t ions .  
is  important t o  mention t h e  considerable  i n d i v i d u a l  f l u c t u a t i o n s  i n  
b r i e f  weight lessness  wi th  respec t  t o  t h e  same phys ica l  load.  
t h e  same s u b j e c t ,  t h e  amount of energy expended v a r i e d  from one h i l l  
t o  t h e  o t h e r ,  from one f l i g h t  t o  another .  It w a s  e s t a b l i s h e d  t h a t  t h e r e  
w a s  v i s i b l e  f l u c t u a t i o n  i n  energy expended f o r  t h e  same a c t i v i t y ,  depend- 
i n g  on age,  weight ,  t r a i n i n g  and i n t e n s i t y  of t h e  working opera t ions  per -  
formed. 

revea led  t h a t  as compared t o  the same work performed 

performing a 

It 

Even i n  

It must be s t r e s s e d  t h a t  during performance of work i n  s p e c i a l  
c l o t h i n g  [space  s u i t ]  t he  changes i n  gas exchange and energy expendi ture  
were even more marked. For example, i n  s u b j e c t  S-n, when working i n  
o r d i n a r l y  c lo th ing  pulmonary v e n t i l a t i o n  rose  by 1 7 . 1  l i ters p e r  minute 
dur ing  wieght lessness  as compared t o  t h e  same work during h o r i z o n t a l  
f l i g h t ;  when working i n  a space s u i t ,  t h e  i n c r e a s e  c o n s t i t u t e d  22 l i ters  
p e r  minute.  I n  t h e  former case ,  oxygen consumption increased  by 207 
ml/minute,  i n  t h e  l a t t e r  - by 533 ml/minute. Energe t ic  expendi ture  in- 
c reased  by 83 and 153 l a r g e  c a l o r i e s  pe r  hour,  r e spec t ive ly .  
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I 

( c )  3 4 
t 

Figure  1. Changes i n  ind ices  of e x t e r n a l  r e s p i r a t i o n ,  gas 
exchange and energy expended i n  s u b j e c t s  a t  
relative rest (I), dur ing  measured physical e x e r t i o n  (11) 
and during performance of working ope ra t ions  (111) 

1 )  h o r i z o n t a l  f l i g h t  d) l a r g e  c a l o r i e s  pe r  hour 
2 )  we igh t l e s sness  e )  r e s p i r a t i o n  ra te  
3) a f t e r  f l i g h t  f )  pulmonary v e n t i l a t i o n  
a) cyc le s  p e r  minute 
b )  l i ters p e r  minute h)  carbon d iox ide  exc re t ion  
c) ml/minute i> energy expended 

Legend : 

g)  oxygen consumption 
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Table  3 
Changes i n  some i n d i c e s  of  e x t e r n a l  r e s p i r a t i o n  of s u b j e c t s  
a t  re la t ive  rest during aircraft  f l i g h t  i n  a Kepler parabola  
(-according t o  d a t a  of the Reseda-2 instrument)  

8 

External  r e s p i r a t i o n  i n d i c e s  
S t a t  i s t i c a l  i n d i c e s  minute volume r e s p i r a t i o n  rate v i t a l  capac i ty  

l i t e r s / m i n u t e  cgcles/minute  m i l l i l i t e r s  

Ari thmetic  p r e f l i g h t  8.022.19 1122.79 30002436 
mean M+m weight- 
(24 cases)  l e s s n e s s  13.0k2.72 1353.76 4200k702 

Dif fe rence  between 
means (Xm) and e r r o r  4.6520.534 2.120.65 400298.4 
i n  d i f f e r e n c e  (m d i f f )  
be fo re  f l i g h t  and i n  
weight lessness  

C r i t e r i o n  of r e l i a b i l i t y  8 .7  3 .3  5.2 
of d i f f e r e n c e s  ( t )  

P r o b a b i l i t y  (P) 0.001 0.01 0.001 

I n  t h e  t h i r d  series of experiments (15 f l i g h t s )  conducted wi th  
t h e  use  of t h e  Reseda-3 spiroanemometer energy expended by t h e  s u b j e c t s  
w a s  es t imated  by t h e  magnitude of pulmonary v e n t i l a t i o n  (according t o  
t h e  Ford and H e l l e r s t e i n  (1959) formula. 

Analysis of t h e  r e s u l t s  of these  experiments revea led  t h a t  t h e  
g r e a t e s t  changes i n  r e s p i r a t i o n  r a t e ,  pulmonary v e n t i l a t i o n  and e n e r g e t i c  
expendi ture ,  as i n  t h e  experiments of t h e  preceding series, were noted 
i n  t h e  s u b j e c t s  during b r i e f  weight lessness  (Table 4) .  Thus, as compared 
t o  t h e  i n i t i a l  d a t a ,  pulmonary v e n t i l a t i o n  increased  on an average of 
11.15 t o  11.51 l i t e r s / m i n u t e  during t h e  h o r i z o n t a l  segment of f l i g h t ,  
t o  12.92 l i t e r s / m i n u t e  during exposure t o  a c c e l e r a t i o n s ,  t o  14.18 l i ters  
p e r  minute i n  weight lessness .  
t o  2.50 c a l o r i e s  p e r  minute 
t i o n s  and t o  2.98 l a r g e  c a l o r i e s  per minute i n  weight lessness .  

Energy expendi tures  inc reased  from 2.35 
i n  h o r i z o n t a l  f l i g h t ,  t o  2.75 wi th  acce lera-  

10 

Thus, t h e  r e s u l t s  are i n d i c a t i v e  of t h e  i d e n t i t y  of changes i n  
e x t e r n a l  r e s p i r a t i o n ,  gas exchange and expended energy i n  t h e  s u b j e c t s  
dur ing  we igh t l e s sness ,  r ega rd le s s  of the examination method used. 
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Table 4 
Resp i r a t ion  rate, pulmonary v e n t i l a t i o n  and energy expend i tu re  
i n  s u b j e c t s  during f l i g h t  
t o  d a t a  from the Reseda-3 instrument)  

along Qler “s parabola  Caccording 

S t a t i s t i c a l  i n d i c e s  
M 5 C% 

I n i t i a l  d a t a  : 
r e s p i r a t i o n  rate 
pulmonary v e n t i l a t i o n  

energy expendi tures  

Hor izonta l  f l i g h t :  
r e s p i r a t i o n  r a t e  
pulmonary v e n t i l a t i o n  
energy expendi tures  

Acce lera t ions :  
r e s p i r a t i o n  rate 
pulmonary v e n t i l a t i o n  
energy expendi tures  

Weight lessness:  
r e s p i r a t i o n  ra te  
pulmonary v e n t i l a t i o n  
energy expendi tures  

Acce lera t ions :  
r e s p i r a t i o n  rate 
pulmonary v e n t i l a t i o n  
energy expendi tures  

Hor izonta l  f l i g h t  
r e s p i r a t i o n  ra te  
pulmonary v e n t i l a t i o n  
energy expendi tures  

10.3 
11.15 

2.3576 

9.7 
11.51 

2.5095 

10.4 
12.92 

2.7517 

10.5 
14.18 

2.9766 

10.4 
13.15 

2.8036 

10.2 
11.28 

2.4779 

2.18 
3.13 
0.5701 

3.56 
2.78 
0.7746 

3.30 
3.43 
0.6000 

4.04 
3.16 
0.5385 

3.17 
4.27 
0.7416 

3.20 
30.68 
0.6403 

24.2 
28.14 
23.2 

36.4 
24.2 
33.1 

31.8 
26.9 
21.8 

38.2 
22.4 
18.2 

30.5 
32.5 
26.53 

31.6 
32.7 
26.05 

9 

The h igher  i n t e n s i t y  of g a s  exchange processes  and h ighe r  energy 10 
expendi tures  i n  weight lessness ,  as compared t o  h o r i z o n t a l  f l i g h t  and even 
a c c e l e r a t i o n s ,  sugges ts  that b r i e f  weight lessness  has  a cons iderable  
i n f l u e n c e  on t h e  human organism. The energy expended by cosmonauts wh i l e  
working i n  space s u i t s  both i n  t h e  capsules of spacec ra f t  and p a r t i c u l a r l y  
dur ing  ex t r aveh icu la r  a c t i v i t y ,  w i l l  exceed s i g n i f i c a n t l y  the energy 
expended f o r  analogous work dur ing  b r i e f  weight lessness  and on Earth.  

- 8 -  
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For t h i s  reason i t  w i l l  he  of prime importance t o  determine cosmonauts' 11 
energy expendi tures  w h i l e  performing var ious  work procedures  during 
space  flights. 
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